Abstract Edwardsiella ictaluri is a Gram-negative pathogenic bacterium in the family Enterobacteriaceae that causes enteric septicemia of catfish, which has become a significant problem in the aquaculture of striped catfish (Pangasianodon hypophthalmus) in Vietnam. In this study, a bacterium designated as Ei-151 was isolated from diseased striped catfish and proved to be virulent. Based on 16S rDNA sequencing and phenotypic tests, the pathogenic bacterium was identified as Edw. ictaluri. The presence of quorum sensing signal molecules in Edw. ictaluri Ei-151 was detected with different biosensor strains. The results showed that Ei-151 produced at least three kinds of acylated homoserine lactone (AHL) signal molecules as detected with the biosensor Agrobacterium tumefaciens KYC55, and the AHLs fingerprint was similar to that of Edw. tarda. During its entire growth, the levels of AHLs and autoinducer-2 produced by Ei-151 peaked at the stationary phase (OD 600
Introduction
Edwardsiella ictaluri, the causative agent of enteric septicemia of catfish (ESC), typically causes ESC in channel catfish (Ictalurus punctatus Rafinesque) and infrequently in other species thriving in freshwater habitats such as green knife fish (Eigenmannia virens), tadpole madtom (Noturus gyrinus) and rainbow trout (Oncorhynchus mykiss) [1] . Edw. ictaluri is responsible for big economic losses to the catfish industry across the world. It is estimated that ESC costs about $19 million every year in direct fish losses in the USA, where channel catfish production accounts for more than half of its total aquaculture products [2] .
Quorum sensing (QS) is a cell-to-cell signaling mechanism that refers to the ability of bacteria for responding to extracellular chemical signal molecules called autoinducers, whose external concentration increases according to the increasing cell density [3] . Bacterial processes such as biofilm formation, virulence factor secretion, bioluminescence, antibiotic production and sporulation, which are all shown to be regulated by QS [4] [5] [6] [7] [8] . N-acylhomoserine lactones (AHLs) are the most intensively investigated family of QS signal molecules used by Gram-negative bacteria, and they are composed of homoserine lactone (HSL) rings with acyl chains of C 4 to C 18 in length. Two proteins belonging to the LuxI/LuxR protein families are used as synthase and transcriptional regulator, respectively [3] . This kind of system is used predominantly for intraspecies communication as to a large extent specificity exists between the LuxR proteins and their cognate AHL signals [9] . Another type of QS system which is found in a wide range of both Gram-negative and Gram-positive bacteria termed as the LuxS or autoinducer-2 (AI-2) system, which is for interspecies communication, and the structure of AI-2 was reported to be a furanosyl-borate diester [10] . A third type of QS system is based on CAI-1, which was recently purified from Vibrio cholerae and identified as (S)-3-hydroxytridecan-4-one. Its synthesis depends on CqsA, an enzyme similar to aminotransferases, and the CqsA/CqsS system is considered to be used for inter-Vibrio communication [5] .
Previous study demonstrated that Edw. tarda, which has a close genetic relationship with Edw. ictaluri, produced AHLs and AI-2 signal molecules [11] . Some virulenceassociated elements such as the type III secretion system (TTSS) and biofilm formation of Edw. tarda were found to be regulated by a LuxS system [12] . However, the information about the QS system in Edw. ictaluri remained undocumented. In this study, an Edw. ictaluri Ei-151 was obtained from diseased striped catfish cultured in Vietnam, and investigated for the production of different QS signal molecules during the entire growth cycle with different biosensor strains.
Materials and Methods

Bacterial Strains, Media and Cultivation Conditions
Bacterial strains used in this study were listed in Supplementary material Table S1 . Edw. tarda LTB-4, Chromobacterium violaceum CV026 and Escherichia coli were grown in Luria-Bertani (LB) medium. Edw. ictaluri strains and Vibrio strains were grown in BHI (Brain Heart Infusion Broth) medium and LBN medium (LB medium with 2 % NaCl), respectively. Agrobacterium tumefaciens KYC55 was grown in AT minimal broth with appropriate antibiotics according to Tempe et al. [13] , while V. harveyi mutant strains were grown in Autoinducer bioassay (AB) medium prepared according to Greenberg et al. [14] . All these strains were incubated at 28°C with exception of E. coli which was grown at 37°C. Spectrophotometry (WFJ2100, Shanghai) was used to measure the bacterial growth (OD 600 ). Bioluminescence was measured with a BPCL-4 Ultra-Weak Luminescence Analyzer (China) at emission of 474 nm.
Isolation of Bacterial Pathogen
During June of 2006, an epizootic white spot disease occurred among cultured striped catfish in Chau Thanh District, Dong Thap Province, Vietnam. Hemorrhaging at the base of fins, sluggish behavior, and abundant white spots on kidney, liver and spleen were the main macroscopic lesions observed in these diseased stripes catfish with 22-24 cm body length (Fig. 1 ). Three to five diseased fish from each farm were taken for microbiological examination immediately. Samples taken aseptically from kidney, liver and spleen of the diseased fish were put separately into sterile Eppendorf tubes, kept at 4°C and transported to the laboratory. Within 24 h of collection, the samples were directly spread on Blood Agar (BA) plates and incubated for 24-48 h at 30°C. The dominant isolates were purified by streaking and restreaking on to fresh media, with storage at -80°C in BHI supplemented with 15 % (v/v) glycerol.
Experimental Infection
Overnight cultures on BHI broth were used to prepare suspensions in 0.9 % (w/v) saline. The viable cell concentration was established by preparing serial tenfold dilutions of the bacterial suspension in saline and spreading 0.1 ml volumes onto duplicate plates of BHI with incubation at 30°C for 48 h. After sedation (0.2 ppt ethylene glycol monophenyl ether for 3-5 min), groups of 20 catfish (average weight = 30 g) from quarantined stocks recognized as disease-free were infected by intraperitoneal (ip) injection with 200 ll volumes of the bacterial suspensions containing 8 9 10 3 to 8 9 10 6 cells ml -1 , in triplicate. The fish were maintained in tanks containing freshwater which was continuously filtered through spongy at 28-30°C. Controls were injected ip with 200 ll volumes of saline. The infected fish were maintained for two weeks, and mortalities were recorded. The lethal doses at 50 % were calculated using method of Reed and Muench [15] . Bacterial re-isolation was made on catfish following the methods described above.
16S rDNA PCR, Sequencing and Phylogenic Analysis
The 16S rDNA of bacterial isolates from diseased fish was amplified by PCR with bacterial universal primers P11: 5 0 -AGAGTTTGATCCTGGCTCAG-3 0 and P12: 5 0 -GGTT ACCTTGTTACGACTT-3 0 ) [16] . After purification, the 16S rDNA fragment (1,503 bp) was cloned into pUC vector and sequenced (Sangon, Shanghai). The 16S rDNA sequence of Ei-151 (GenBank accession number JF274254) was aligned and compared with available sequences in species of family Enterobacteriaceae in the NCBI GenBank with BLAST.
Morphological, Physiological and Biochemical Tests
The morphology and motility of the bacterial pathogen was determined microscopically by Gram stain. Physiological and biochemical results were obtained by inoculating the bacteria into API 20E test strips (BioMrieux Inc., France) following the method described in the product manual. The bacterial isolate was identified based on the taxonomic criteria in the Bergey's Manual of Systematic Bacteriology [17] , and the 16S rDNA sequence and phylogenetic analysis.
Preparation of Cell-Free Culture Fluids of the Strains
Two millilitres overnight culture of Ei-151 was inoculated into 400 ml fresh BHI medium, and cultured under constant agitation for 48 h. Ten ml aliquots were taken every 3 h and centrifuged at 1,0009g for 10 min to remove cells from the growth media. After filtration with 0.22 lm filter, the obtained cell-free fluids were stored at -20°C for further examination. Bacterial growth was determined by turbidity measurements (OD 600 ). The cell-free culture fluids of Edw. ictaluri LMG7860 T , Edw. tarda LTB-4 and Vibrio strains were prepared as Ei-151.
Detection of AHL Molecules in
Edw. ictaluri Ei-151
Screening for AHLs in Agar System
Double-layer plate method with KYC55 and cross-streaking method with CV026 were used to detect AHL molecules produced by Ei-151 [11] . Edw. tarda LTB-4 was used as the positive control, while BHI plate without any supplements was used as the negative control.
Growth Phase-Dependent Analysis of AHLs Production in Liquid System
The level of AHLs in cell-free culture fluids of Ei-151 at various time points was quantified by examining the ability of samples to activate TraR in KYC55, as described by Zhu et al. [18] . Fifty microliters of oxo-C 8 -HSL (OOHL) (50 lg ml -1 ) was used as a positive control, while the fresh BHI media was the negative control.
Thin Layer Chromatography (TLC)
The presence of AHLs in the supernatants of Edw. ictaluri strains was tested by C 18 reversed-phase TLC (aluminum sheets 20 9 20 cm 2 , Merck) with KYC55 [11] . AHLs standards (3-oxo-C 6 -HSL, C 4 -HSL and C 6 -HSL) with various retention factors (R f ) were used as references.
Detection of AI-2 Activity in Edw. ictaluri Ei-151
The presence of AI-2 activity in the supernatants of Edw. ictaluri Ei-151 at various time points was assessed with V. harveyi reporter strain BB170 [19] . Sterile culture supernatants from V. harveyi BB152 (at OD 600 around 2.0) and E. coli DH5a served as positive and negative controls, respectively. Statistical analysis was performed using the SPSS software, ver. 17.0.
Detection of CAI-1 Activity in Edw. ictaluri Ei-151
The presence of CAI-1 activity in the supernatants of Ei-151 (at 12, 15, 21 and 24 h), Edw. ictaluri LMG7860 T , Edw. tarda LTB-4, V. campbellii VIB285 and V. parahaemolyticus VIB304 was assessed with V. harveyi report strain JAF375 [11] . Overnight-culture supernatant of V. harveyi BB120, Listonella anguillarum VIB72 and E. coli DH5a served as two positive controls and a negative control respectively. Statistical analysis was performed using the SPSS software, ver. 17.0.
Results and Discussion
White spot disease has recurrently occurred each production cycle of striped catfish and caused severe damages for farmers each year in Vietnam. Colonies of Edw. ictaluri Ei-151 was smooth circular (1-2 mm in diameter) and nonpigmented on BHI plates. It was motile at 28°C but not at 37°C, no growth was observed at 40°C. Biochemically, Ei-151 was identical to known Edw. ictaluri strains. Compared with Edw. tarda, Ei-151 was negative for ornithine decarboxylase, indole and H 2 S production (see Supplementary material Table S2 ), which was in accordance with previous report [20] . The 16S rDNA sequence of Ei-151 was most similar (99 %) to those members of Edw. ictaluri. In combination with its temperature limitation and the different biochemical characteristics from Edw. tarda, Ei-151 was identified as Edw. ictaluri.
Pathogenicity
Ei-151 was virulent to striped catfish with massive mortalities occurring between 3 and 8 days after ip injection. Most infected catfish revealed numerous white spots on swollen kidney, spleen and liver (Fig. 1) . All fish were killed when 200 ll volumes of Ei-151 containing 8 9 10
6 CFU per fish were administered. In comparison, the 10 1 -, 10 2 -and 10 3 -fold-diluted suspension of Ei-151 killed 93, 73, and 32 % of the striped catfish, respectively. Thus, the LD 50 was established as 8.3 9 10 2 CFU g -1 of fish (2.5 9 10 4 CFU per fish). In addition, Ei-151 was re-isolated as pure cultures from internal organs of the infected fish.
Detection of AHL Activity in Edw. ictaluri Ei-151
Both the blue colouration by KYC55 and the purple pigment formation by CV026 proved that Ei-151 produced AHL molecules. Ei-151 produced AHL molecules during its whole growth phase (Fig. 2) . The level of AHLs recognized by KYC55 gradually increased until the stationary phase (at 15 h, OD 600 1.8), then decreased sharply when it reached up to the maximal cell density (OD 600 2.1) and subsequently increased to maintain a higher level. The same phenomenon has been observed in Edw. tarda LTB-4 [11] and warrants further investigation. It might be attributed to the fact that QS systems in some bacteria is likely to involve in the transition into stationary phase, which is directed by key transcription factors, the activity or production of which is stimulated by starvation [8] . Low level AHL activity may prolong the transition into stationary phase, which might be one reason for the significant decrease of AHLs level at 18 h. In a number of bacteria species, QS and starvation-sensing pathways have been found to co-regulate each other in regulation of the transition into stationary phase [21] . The key transcription factor r S of Pseudomonas aeruginosa is positively regulated by an AHL [22] . Therefore, the high AHLs level of Ei-151 in stationary phase is probably associated with its transition and resistance to adverse environment in stationary phase. After 42 h, EI-151 entered into the decline phase, the level of AHLs did not show a significant fall, though the pH values of bacterial cultures increased to 9.34.
Edw. ictaluri Ei-151 and its type strain LMG7860 T were found to have a same AHLs profile, which corresponded with the profile of Edw. tarda, and produced three kinds of AHL molecules as detected with KYC55. The first spot with a tail (R f value 0.696) migrated as fast as 3-oxo-C 6 -HSL (R f value 0.702), the second spot (R f value 0.578) could be C 4 -HSL (R f value 0.585) and the third spot was uncharacterized (Fig. 3) AHL-based QS in some pathogenic species are well studied and have been shown to relate to their virulence [6] . It has been reported that some prokaryotes and a few eukaryotic organisms, especially Bacillus spp., can produce AHL-degrading enzymes such as AHL-lactonases and AHL-acylases to degrade these signals, which is called quorum quenching (QQ) [23, 24] . QQ can be exploited as potentially novel antibiotic-free therapeutics to protect from bacterial infections [25] .
Detection of AI-2 Activity in the Edw. ictaluri Ei-151
The production of AI-2 signal molecules by Ei-151 was growth phase-dependent. AI-2 activity began to rapidly increase at 6 h (OD 600 0.5), and reached the maximum level at 15 h (OD 600 1.8), then maintained a 2.4-fold lower level when compared with the stationary phase (OD 600 1.8) (Fig. 4) . E. coli and Sal. typhimurium have both been reported to produce AI-2 during early exponential growth, but later apparently degrade the autoinducer in the absence of glucose, however, in the presence of glucose, AI-2 activity remains in the culture supernatant. It suggested that the degradation might be subject to catabolism repression [26] . Various biological functions have been reported to be regulated by AI-2 either directly or indirectly, such as expression of virulence factors, biofilm formation, swarming motility and toxin production [27] . Further investigation is necessary to find out whether AI-2 in Edw. ictaluri regulated its virulence.
Interestingly, the levels of AHLs and AI-2 produced by Ei-151 all increased rapidly at OD 600 around 0.5 and peaked in the stationary phase (OD 600 1.8), which suggested that both of them may function in the stationary phase.
Detection of CAI-1-like Activity in the Edw. ictaluri Ei-151
Data analysed statistically showed that neither Edw. ictaluri Ei-151 in lag, log and stationary phase nor its type strain LMG7860
T was shown to possess any CAI-1 activities, or the molecules they produced were not recognized by V. harveyi JAF375, as well as the Edw. tarda LTB-4 (see Supplementary material Table S3 ). Vibrio campbellii VIB285 and V. parahaemolyticus VIB304 could significantly induce bioluminescence in V. harveyi JAF375 (p \ 0.05; Table S3 ), which is in accordance with previous reports [6, 28] .
In conclusion, Edw. ictaluri Ei-151 isolated from kidney of diseased striped catfish was identified as Edw. ictaluri based on the 16S rDNA sequencing and phenotypic tests. The LD 50 was established as 8. 3 9 10 2 CFU g -1 of fish (2.5 9 10 4 CFU per fish). It is the first report that Edw. ictaluri Ei-151 produces AHLs and AI-2 QS signals, which is similar to Edw. tarda. Moreover, the two kinds of QS signals of Edw. ictaluri may play an equal role in regulation. No CAI-1 activity is detected in Edw. ictaluri Ei-151.
